We derive an effective action combining chiral and heavy quark symmetry, using approximate bosonization techniques of QCD. We explicitly show that the heavy-quark limit is compatible with the large N c (number of color) limit in the meson sector, and derive specific couplings between the light and heavy mesons (D, D * , ...) and their chiral partners. The relevance of this effective action to solitons with heavy quarks describing heavy baryons is discussed.
The constraints of chiral symmetry on low energy processes have led to a wealth of predictions ranging from strong to weak interactions. In general, chiral symmetry constrains the dynamics of pions and kaons by organizing the scattering amplitudes in powers of the light meson momenta. Recently, it was suggested that chiral symmetry put also constraints on the soft part of processes involving pions and heavy mesons such as D and B [1] .
It was suggested by Shuryak [2] and more recently by Isgur and Wise [3, 4] that if the mass of one quark is taken to infinity, the dynamics of the heavy quark Q is independent of its mass and spin. (We will refer to this limit as Isgur-Wise limit or IW limit in short.)
As a result, a new spin symmetry develops in hadronic processes involving one heavy quark, leading to a degeneracy of, say, D with D * and B with B * . Several relations [3, 4] have been recently derived showing that the excitation spectra and form factors are indeed independent of the mass and spin of the heavy quark, a result analogous to the hydrogen atom.
The purpose of this letter is to provide a short derivation of the effective action for QCD processes involving heavy and light but nonstrange mesons, using approximate bosonization schemes, a detailed discussion of which can be found in refs. [5] . In the presence of the light vector mesons our effective action differs from the one presently in use in the litterature [1] . We show that the heavy-quark (IW) limit is compatible with the large N c (number of color) limit in the meson sector, and argue that heavy baryons may be described as solitons, as previously suggested [6] in the context of the CallanKlebanov model [7] and recently advocated by Manohar and collaborators [8] . While our method could be readily extended to strange mesons as well, here we shall restrict our discussion to two light flavors q = (u, d) and a heavy flavor (Q). The heavy mesons (uQ, dQ) transform as singlets under chiral symmetry.
If the mass of the heavy quark is infinitely large, then the heavy quark momentum is large and conserved P µ = m Q v µ . In this limit, there is a velocity superselection rule [12] . In the effective theory with heavy quarks, this translates to a different heavy quark (antiquark) field Q ± V (x) for each velocity v. The latter carries momenta of the order of the QCD scale Λ and will be referred to as soft. To display this we follow Georgi [12] and define
As a result, the free QCD action reads
The action (2) is flavor U(2) L × U(2) R symmetric (for m = 0) and invariant under independent spin rotations of the quark and the antiquark (Isgur-Wise symmetry). The latter follows from the fact that the spin effects are down by powers of 1/m Q . Finally, the decomposition (1) is invariant under velocity shifts of the order of Λ -a point recently stressed by Luke and Manohar [13] . These conclusions are unaffected by the introduction of gluons to leading order.
Approximate bosonization schemes for QCD have been discussed extensively in the literature [5] . We will apply them here to the heavy-light system. The idea consists of integrating out the short wavelength (k >> Λ) content of the light quarks generating massive constituent quarks with multiquark interactions (as in the instanton liquid model for instance) admixed with bare but soft heavy quarks. In the long wavelength limit, approximate bosonization schemes can be used to generate an effective action as a gradient expansion in the slowly varying fields that intermingles heavy-light dynamics.
Specifically, if we denote the heavy meson fields bŷ
whereP
are the pseudoscalar and vector bare heavy mesons with specific light chirality, then standard arguments yield
are the projectors onto the light and heavy sectors respectively and we are using the short-hand notation γ
The quark field ψ in (4) stands for ψ = (q; Q v ). TheP 's are off diagonal in flavor space, so that H = H a T a with a = 1, 2 and
The action (4) enjoys both heavy-quark spin symmetry denoted SU(2) Q and rigid chiral symmetry, U(2) L × U(2) R . We have set the light-quark masses to zero and ignored the usual assumption-dependent part related to the effective potential in M † M. Here we will just assume that chiral U(2) L × U(2) R is spontaneously broken to SU(2) V with the appearance of three Goldstone bosons (the chiral anomaly taking care of the U(1) A ) around a chiral symmetric condensate. With this in mind, we will decompose the 2 × 2 complex matrix M as follows (a pertinent choice of gauge to avoid doubling of the Goldstone bosons will be specified below)
with the ξ's as elements in the coset SU(2) L × SU(2) R /SU(2) V . In the vacuum (saddle point) Σ is diagonal and constant along the light directions (u, d). As a result, the
The constituent (dressed) quark field χ relates to the bare quark field ψ, through
In terms of the constituent field, the "bosonized" action reads
It is invariant under local SU(2) V symmetry and global SU(2) Q symmetry. Now, let us define the dressed fields
with
where 
where the covariant L, R derivatives are : ∇ L = ∂ − iL and ∇ R = ∂ − iR. H and G are related, respectively, to H and G through
The light-light and heavy-light quark dynamics follows from the dressed action (9) through a derivative expansion. The momenta are bounded from above by a number times Λ and from below by a soft quark mass ǫ ∼ Λ 2 /m Q acquired by the long wavelength components of the heavy-quark propagator, if we recall that the heavy-quark condensate vanishes as Λ 4 /m Q . This effect is dominant in the infrared regime for the soft part of the heavy-quark field Q v . Our expansion of (9) will be understood in the sense of m Q /Λ → ∞.
To second order, the heavy-light induced action reads
where the functional trace includes tracing over space, flavor and spin indices. We have
, and
The ellipsis in (11) stands for higher insertions of vectors and axials. A similar action is expected for the heavy chiral partners G's. To the order considered, there are also cross terms generated by the axial current.
After carrying out the trace over space in (4) and renormalizing the heavy-quark fields,
, we obtain to leading order in the gradient expansion for the H's (s
and for the G's (s
The parameters in (13, 14) are given by (P l = ± is the parity of the light part of H, G) 
Notice that Z G /Z H = g H /g G reduces to 1 in the heavy quark limit. We observe that the Since the decomposition (5) doubles the scalar degrees of freedom, a proper gauge fixing in ξ's is required. We choose the "unitary gauge" ξ †
. In a minimal model with only pions (model I), we have for the vector and axial currents
2 The observed D 1 (2400) and D * 2 (2460) are components of the s
If we were to introduce vector mesons (ω, ρ, a 1 (1270)) (model II) then the vector and axial currents are entirely vectorial
where α = (m ρ /m A ) 2 follows after eliminating the πa 1 mixing at tree level in the lightlight sector [5] . The relations (19) identify the vector fields with the constituent vector currents, e.g. ω µ ∼ χγ µ χ, as can be checked explicitly in ( 3 Note that in this case the soliton approach to heavy hyperons follows from binding Q, Q * instead of P, P * to Skyrmions. 4 In the convention of [10, 11] The scaling with N c of the overall heavy-light effective action before renormalization, suggests that the heavy-light system should be entrusted with the same weight as the lightlight counterpart (which is well known and hence omitted in our discussion) in the large N c limit, implying that a soliton description for heavy baryons is perhaps justified [6] . The large N c limit appears to be compatible with the heavy-quark limit in the meson sector.
This point is a priori not obvious since terms of the form m Q /N c Λ and others cannot be ruled out on general grounds. Thus our approximate bosonization version of QCD yields a long wavelength description that appears to be consistent with the one advocated recently by [1] . This is to be contrasted with the "colored" mesonic description recently discussed
The recent CLEO collaboration data seem to indicate a somewhat smaller empirical value g H ≈ .58
with a large error bar. See [9] for an analysis.
by Ellis et al [15] where it was argued that in QCD 2 the presence of a large current quark mass forces the bosonization to be U(N f N c ) × U(N f N c ) (i.e., colored bosons) as opposed to the factorized bosonization scheme (
(colorless bosons). Here N f is the number of flavours. It would be interesting to see how the approximate bosonization scheme discussed here works in QCD 2 in comparison to the exact solutions to the 't Hooft equations for heavy-light systems [16] . A similar comparison is also warranted for the solutions discussed by Ellis et al. In both approaches, good quantum numbers and fine-structure (or Σ − Λ) splitting are obtained to order 1/N c . In the latter case, the Isgur-Wise symmetry is automatic to that order but in the former case, terms involving vector mesons have to be added to restore the IW symmetry.
An interesting question to ask is: Is it possible to interpolate the Callan-Klebanov model to the heavy-quark limit? We have no clear answer but we can think of two possibilities.
• As noted above, in the heavy-quark limit, the heavy mesons decouple from the the breakdown of the Callan-Klebanov picture at some large quark mass and the only viable heavy skyrmion would be the one advocated in [8] .
• Although the topological Wess-Zumino term does not survive heavy quark mass, the binding could still persist all the way to the heavy-quark limit. In fact our effective action with the inclusion of the omega yields naturally a coupling of the form . This argument is similar to the one advanced by [14] .
We see no a priori reason for suppressing the heavy meson couplings to the light vector mesons. In this case it would appear that the Callan-Klebanov description would go smoothly over to the the IW limit, provided the appropriate vector mesons are introduced to restore the IW symmetry (see also footnote 6). Approaching the IW limit in this way is not perhaps very elegant but what is surprising is that it can be done at all.
Which of the two pictures is realized in Nature is an intriguing question which we hope to answer.
